The beam-steering capabilities of a simplified flat Luneburg lens are reported at 60 GHz. The design of the lens is first described, using transformation electromagnetics, before discussion of the fabrication of the lens using casting of ceramic composites. The simulated beam-steering performance is shown, demonstrating that the lens, with only six layers and a highest permittivity of 12, achieves scan angles of ±30 ∘ with gains of at least 18 dBi over a bandwidth from 57 to 66 GHz. To verify the simulations and further demonstrate the broadband nature of the lens, raw high definition video was transmitted over a wireless link at scan angles up to 36 ∘ .
Background and Motivations
The quest for ubiquitous wireless connectivity with everincreasing data rates has been a feature of the last half century. With the advent of the Internet of Things (IoT) adding huge numbers of devices requiring bandwidth to an alreadychallenging push for even greater data rates to be supported on personal wireless terminals, considerable research effort is being invested into future wireless networks. High-data rate applications include the streaming of ultrahigh definition video and virtual and augmented reality (e.g., [1, 2] ); the use of 60 GHz for these applications is now relatively wellestablished, with IEEE standards (e.g., 802. 15.3c, 802.11ad [3]) well-suited for this aspect of 5G services and networks. Other aspects of 5G development are concerned with serving greater numbers of end-terminals and reducing latency, with some applications in the IoT relevant to this (even when data rate requirements are not severe).
A large number of technologies are being brought together to achieve the various aims for the next generation of wireless networks [4] . This includes the use of small cells (where the density of base stations is increased), cooperative communications (where interference is reduced via communication between nodes, to improve achievable data rates and reliability), carrier aggregation (where bandwidth from disparate channels is combined to meet requirements), and heterogeneous networks (where multiple networks operating at different frequencies and with different modulations, etc., are used). One key technology is massive multi-input-multioutput (M-MIMO) systems, where the number of antennas is increased by at least an order of magnitude (e.g., [5] [6] [7] ).
One key approach to realise the objectives of future wireless networks is to utilise previously unused parts of the electromagnetic spectrum at higher frequency bands, particularly the millimetre-wave (mm-wave) and terahertz (THz) bands. Currently, wireless networks predominantly use the spectrum between 0.1 and 10 GHz, as these have offered key benefits of long propagation ranges, ease of fabrication, and ease of power generation and signal modulation, amongst others. Conversely, the higher bands must overcome increased propagation losses, smaller feature sizes that increase fabrication challenges, and other problems; the demand for bandwidth is such that these challenges are now being addressed. Furthermore, the shift to mm-wave also involves a change to directive communications, rather than broadcasting, which introduces new challenges [8, 9] . Within future wireless networks, mm-wave frequencies around 28 GHz and 37 GHz have been proposed for use in cellular 2 International Journal of Antennas and Propagation networks in urban environments (e.g., [10] [11] [12] [13] ), with the 25-40 GHz band being considered by the Federal Communications Commission in the US [14] , whilst mm-wave frequencies between 55 and 100 GHz have been proposed for indoor environments and short-range outdoor environments, including vehicle-to-vehicle links, as well as other applications that may also rely on 5G networks (e.g., [13, [15] [16] [17] ).
Transformation electromagnetics (TrE) is a rapidly maturing technique that offers increased control of electromagnetic waves via control of the spatial variation in material properties [18, 19] . The requirements on material properties can be challenging [20, 21] , but the use of (quasi) conformal TrE can simplify the required materials, albeit with some sacrifice in performance usually a consequence (e.g., [22] [23] [24] ). One area that has garnered much attention is the use of TrE to change the shape of a (quasi) optical device (lens or reflector), whilst maintaining the electromagnetic performance by changing the spatial variation of the permittivity (and permeability, in some cases); one example of the power of TrE in this regard is the Luneburg lens [25] . The Luneburg lens (LL) is a spherical lens with a continuously varying refractive index, such that it has a relative permittivity of 2 at the centre and 1 at the outer surface (since the relative permeability is unity at the frequencies of interest) [26] . In practical implementation, the continuous variation is approximated with discrete shells of differing permittivities. The key desirable feature of the LL is that a point source placed on the surface produces a collimated beam on the other side of the lens. Practically, however, the LL requires a relatively bulky lens and the ability to steer the beam by moving the source around a curved surface. It has been shown that approximations using only two shells can still achieve the beaming behaviour of the LL [27] , at the cost of reduced operating bandwidth (as determined by parameters including the main lobe gain and side lobe levels).
In this paper, we report on the beam-steering capabilities of a flat Luneburg lens operating at 60 GHz, designed using TrE. In the next section, we discuss the design of this lens, based on the same procedure described in [28] . The beamsteering capabilities are then discussed via simulation results. We proceed by describing the fabrication of the lens in Section 3, before discussing the use of the lens in a realworld scenario, demonstrating the real-time transmission of uncompressed high definition video over a 60 GHz link at different beam positions and examining the trade-offs resulting from the lens performance (Section 4). The final section offers some final thoughts on the implementation of systems using TrE antennas, together with our plans for future work.
Design of the Flat Luneburg Lens
The fundamentals of TrE have been expounded in many places (e.g., [18, 19, 22, 23] ); their application to the design of this 60 GHz flat Luneburg Lens (FLL) closely follows that described in earlier work by the authors and colleagues for the design of a similar FLL operating between 7 and 14 GHz [28] . As such, we offer an abbreviated description of the main points here.
The permittivity distribution of the spherical LL is given by
] is the radial position within the sphere, is the outer radius of the sphere, and , , and are the spatial coordinates. (We assume that the relative permeability is isotropic and equal to unity.) Due to the symmetry of the sphere, it is simpler to deal with a 2D cross-section and subsequently convert to a 3D device, such as by rotating about the third axis (e.g., use = √ 2 + 2 when applying the transformation and rotate about the -axis after the transformation has been applied).
In this case, we apply a 2D transformation parameterized by a real-valued compression factor and given by
This results in an anisotropic permittivity profile that must be approximated in discrete layers (the resultant permeability profile is also anisotropic, though this is approximated as unity). It can be seen that the compression applied along leads to an expansion along (see [28] for more details). In material terms, this means the permittivity increases (with respect to the sphere) along the direction but decreases along the direction. In this case, the lens is approximated by an isotropic permittivity equal to the -component of the permittivity, due to the symmetry of the lens. The discretization process requires, in general, consideration of both electromagnetic performance and fabrication capability.
As with the lens of [28] , a six-layer structure was used with permittivities ranging between 2 and 12, and the layer dimensions (radius and thickness ℎ ) optimised. Due to the transformation process and diffraction effects, the focal point is no longer expected to be at the lens surface, but some distance from it outside the lens [28] .
A sketch of the six-layer lens is shown in Figure 1 , with the corresponding dimensions and permittivities given in Table 1 . Figures 2 and 3 show the simulated beam scanning at 0 mm and 20 mm feed offset, respectively, at 60 GHz. A reduction in gain of less than 3 dB can be seen.
Fabrication of Flat Luneburg Lens
The lens was manufactured in two halves, which were bonded together once all layers had been completed. Each half of the first composite layer was cast onto a solid polymer base, which was made in a cylindrical mould. The second composite layer was cast on top of the first layer once it had cured and been machined. This was repeated until all composite layers had been created. The original base was then machined off so that the two halves could be bonded together and then a final machining process was undertaken to achieve International Journal of Antennas and Propagation 3 the final dimensions. Figure 4 shows photographs of the lens prior to and after machining of the final cylinder.
System-Level Effects of Lens Performance
To place the beam-steering performance of the lens into context, and assess some system-level aspects, an experiment was conducted, with the layout shown in Figure 5 . This involved the wireless transmission of uncompressed high definition video over a direct path in the 60 GHz band. The experiment was based around the VubIQ5 development system with additional baseband I/Q modules, available from Pasternack Enterprises, Inc. [29] . This kit includes video encoding and decoding boards and complete transmitter and receiver assemblies, with WR-15 radio frequency ports, covering 57-64.8 GHz with channel widths of 500 MHz and a modulation bandwidth of up to 1.8 GHz [29] . The output power of the transmitter was 12 dBm [30] , whilst the noise figure for the receiver was 6 dB [31] . Two 20 dBi conical horns with WR-15 ports were used as the antennas [32] . The transmitter unit was mounted on a tripod, and the receiver unit was mounted on a Zaber dual-axis positioner system, with the lens positioned in front of the receive horn. In this set-up, the beam-steering was achieved by lateral movement on the -axis. Figure 6 shows photographs of the video successfully transmitted at 0 ∘ and 36 ∘ , as well as no transmission at 36 ∘ when the lens is removed. The alignment of transmitter unit with the receiver was achieved manually. It is noted that the separation between transmitter and receiver was decreased (from 0.996 m to 0.427 m) when the beam angle increased from 0 ∘ to 36 ∘ , to maintain a successful connection. Video footage of these experiments is available.
Final Considerations and Future Work
A thin (≈1.38 ) flat Luneburg lens operating in the 60 GHz band has been described, with an emphasis on its beamsteering performance. Simple linear motion of the feed across the rear face of the lens has been shown to achieve beamsteering out to 30 ∘ and beyond, as seen via simulations and the transmission of high definition video over a 60 GHz link.
Horn antennas and multiple-axis motorized positioners are, of course, unsuitable for real-world applications in future wireless networks. Our continuing work in this area includes the development of flat (PCB-based) integrated feeds, where the lens can be mounted directly on the reverse of the board. Flat feeds of various types, trading versatility, and cost are being developed, including switched-beam configurations, being lower in cost but less versatile, and small phased arrays, being cheaper than full phased arrays without a lens and potentially more versatile than the switched-beam feed. The continued development of chip antennas at 60 GHz (e.g., [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] ) offers an alternative route to an integrated and compact feed. One advantage of a PCB-based feed is that the PCB substrate layer can be incorporated into the TrE lens design. Other advantages of the TrE lens approach include the ability to modify the lens geometry to meet any nonelectromagnetic constraint, simply by changing the material properties. This could include curving the outer face of the lens to be conformal to the container of the system, even using the permittivity of the container in the design, as with the feed PCB. Other lenses can be similarly modified via TrE, whilst the discretization process allows optimisation of the design to include other fabrication issues. The sequential casting approach utilised in this work is a wellestablished and relatively low-cost fabrication method that can readily accommodate different geometries. Furthermore, additive manufacturing techniques are continuing to mature and could offer an alternative route to fabrication, something that the authors will continue to investigate. Finally, we note that the TrE technique can be readily applied at other frequencies relevant to 5G and other future wireless communications technologies, making this work of wider relevance. 
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